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ABSTRACT 


A partially immersed rotating glass roller was used to 
recover surface films of protein from buffered (ph 4.8) solutions 
of ovalbumin (0.05 to 1.0 per cent), and from whey and blood serum. 

The roller speeds used were in the range 9 to 192 r.p.m. 

Two mechanisms of recovery of protein were observed. The 
first mechanism was observed with an ovalbumin solution containing 
traces of unidentified protein fractions and gave denatured protein 
in the form of an invisible film adhering to the roller surface. The 
rate of recovery of protein was little affected by the speed of rot- 
ation of the roller but was proportional to the concentration of the 
solution. With the exception of several runs at low speeds, the re- 
covery of protein was less than one milligram of protein per square 
meter of generated surface area. 

The second mechanism was observed with pure ovalbumin 
solutions at all speeds and at certain combinations of low concentration 
and high speed with the impure ovalbumin solution. The denatured pro- 
tein was ejected from the roller on to the free surface of the liquid on 
the downstream side of the roller, where it accummulated as an insoluble 
white scum-like film. It appeared that much of the denaturation was 
occurring on a thin film of liquid being carried over the roller. The 
ovalbumin recoveries were in the range 0.6 to 7.6 ate hoe with the 


greatest recoveries occurring at low speeds and high concentrations. 
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The speed at which the transition from one mechanism to the 
other occurred was found to depend on the concentration of the solution, 
the presence of zinc ions, and to a lesser extent on the history of the 
solution, and the mechanical characteristics of the apparatus. 

A preliminary study of recovery of whey and serum proteins 
showed that the rotating roller technique caused less surface denaturation 
of whey than of ovalbumin. Denaturation of serum protein appeared to 


be a reversible process, as the film of protein tended to redissolve. 
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I. INTRODUCTION 


Proteins from surface films of monolayers on both water 
and aqueous solutions (Neurath, 1936). It is generally agreed that 
this denaturation phenomenon begins with an unfolding of the globular 
protein molecules, which have spherical, ellipsoidal or polyhedral shapes, 
to yield a stable protein film or sheet of decreased thickness (Neurath, 
1936; Sobotka and Trurnit, 1961). Since proteins are polyelectrolytes 
this behavior is affected by pH and ionic strength of the underlying 
subphase. Acids, alkalis, and salts will therefore influence the surface 
films to varying degrees. The properties and behavior of polypeptide 
monolayers are also dependent on the composition and distribution of 
amino acid residues in a molecule. It is therefore expected that 
proteins of different chemical compositions will behave differently on 
surfaces, although some of the film properties are quite similar for 
many proteins (Ikeda, 1962). 

Ovalbumin is a relatively labile protein. It is very 
susceptible to surface denaturation (Bull, 1938; Neurath and Bull, 1936; 
Wolfe, 1966) and readily forms a surface film. A great many observations 
have been recorded on the denaturation and formation of uni- and multi- 
molecular layers of ovalbumin films at liquid-air interfaces (Bull and 
Neurath,, 1937; Néurath and Bull, 1937: Gorter, 1937; Bull, 1938; Ikeda, 
1962). Abundant data are available on the transfer of built-up protein and 
fatty acid films to microscope slides (Langmuir et al., 1937; Langmuir, 
1938; Ormondt, 1939; Langmuir, 1939; Langmuir and Schaefer, 1939). No 


reports of transfer of protein films from liquid to solid surfaces 
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more recent than 1939 have been reported. There are very few data 
available on the kinetics of surface denaturation of proteins, and 
apart from the study of Bull (1937) it appears that no work has been 
done on the technological aspects of recovery of protein films from the 
surface of protein solutions. 

Bull's experiment of 1937 gave data on the kinetics of 
surface denaturation of egg albumin. A porcelain drum rotating at known 
speeds was used to dip into a solution of ovalbumin. The amount of oval- 
bumin denatured per unit area of the roller surface was determined as a 
function of the rate of creation of new surface as well as of the concen- 
tration of the solution. It was found that both greatly affected the 
amount of denaturation. 

The study of Bull (1937) was limited to a narrow range of speed 
and was concerned primarily with the chemical point of view. A thorough 
study of this process should be of importance because it should throw light 
upon the technological aspects of recovery of proteins from dilute solutions 


on an industrial scale: 
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II. REVIEW OF LITERATURE 


Le The Properties of Protein Monolayers 


Although proteins themselves are frequently very soluble 
in water, coherent monolayers which they form on surfaces are insoluble. 
This shows that a change of structure has occurred during the spreading 
of the protein. Molecules which are wholly hydrophilic have no tendency 
to spread on the surface of water. The very high solubility of certain 
proteins thus indicates the absence of hydrophobic groups on the outside 
surface of their molecules, yet their spreading tendencies suggest that 
a large number of hydrophobic groups are exposed when the molecule is 
unfolded (Langmuir, 1938). 

Gorter and Philippi (1934) found that the thickness of an 
ovalbumin monolayer, as calculated from the area covered by a weighed 
amount of the protein, was of the order of 108. This calculation can 
only be approximate, since it assumes that all the protein used has 
spread to produce the monolayer. However, this finding was supported by 
the x-ray studies of Astbury et al., (1938). 

Protein monolayers are easily and reversibly compressible 
(Langmuir, 1938). The properties of the protein monolayers seem to show 
that the monolayer is a kind of duplex film which consists of poly- 
peptide chains of amino acids attached by hydrophobic groups to the air- 
water interface at intervals along their lengths. The hydrophilic parts 
of the polypeptide chains remain in contact with and are surrounded by 
water, but are not free to go far from the surface because they form 


parts of chains which are still attached to the surface. When the film 
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is compressed there may not be room enough for all the hydrophobic 

groups on the surface so that some are driven down into the water just below 
the surface. Since these hydrophobic groups tend to coalesce or adhere 

to each other, they are at least partly responsible for the viscosity and 
rigidity of the monolayers. 

Bull (1947) described two methods of measurement of surface 
viscosity. The passage of the film through a small channel can be 
observed or the oscillations of a disk in the surface can be measured. 
Work done by Langmuir and Schaefer (1939) showed that the film viscosity 
increased greatly as the film pressure was increased and further that 
the various proteins at the same film pressure showed tremendously 
different viscosities. The high viscosities were explained as interaction 


of the polar groups of neighboring spread protein molecules. 


2. The Spreading Process of Protein Monolayers 
Ormondt (1939) divided proteins which can be spread into 
two different classes: 
Class A consists of those which spread throughout the 
whole pH range including their pH-stability range. Examples of A-proteins 
are: egg albumin, serum albumin, lactoglobulin, insulin, and pepsin. 
Class B consists of those which spread only on a very acid 
(pH about 1) or a very alkaline substrate (pH about 13). An example 
of this class is the hemocyanin of Pulinurus vulgaris. 
The spreading process may be considered as being divided 


into the following steps (Figure 1): 
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Figure 1.--Spreading process of protein. 
From Ormondt (1939). 


Peel ite Thegproteintmoleculeswith ats.thintwater Pumas 
brought from the interior of the solution into the air. 

IIi‘= Ill. The shape of the molecule is change to the shape 
it will have in the spread condition. Then its lower surface is hydrated. 
It may also be hydrated at other points such as those situated along 
its circumference. 

Tite— ly. athe hydrated plate-like molecule is laid on’ the 


water surface, and in this condition it is insoluble. 


Gorter (1937) summarized the factors which counteract the 
spreading tendency. One of the most important factors is the number of 
ionizable groups on the surface of the protein. Everything which prevents 
the ionization of these groups increases the spreading tendency. This 
can be shown as follows: 

a) On increasing the ionic strength of solutions of proteins 
such as ovalbumin, which have a large number of both kinds of ionizable 
groups, spreading occurs almost immediately. As well, film formation 
occurs at pH values where there is no spreading at all in the absence of 


electrolytes. According to Neurath and Bull (1938), anions are more 
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effective in reducing the spreading time of positively charged protein 
than are cations, and polyvalent anions are more effective than univalent 
anions. Cations have a greater influence on the alkaline side of the 
isoelectric point than do anions. 

b) The studies on artificially prepared complex proteins 
(by the addition of bivalent acids are amines which are attracted to the 
tn, Orme COO groups) e.g., ovalbumin-tartrazin, indicate that the pro- 
perties of the natural proteins also differ according to their composition. 
The simple proteins, such as clupein, do not spread, because the “upper" 
surface of the film of this protein contains too many “Mi, polar groups 
and is therefore too soluble. Other proteins, e.g., myosin, fibrinogen, 
and also heat-denatured ovalbumin, do not spread because the lower sur- 
face contains too few free polar groups, for it these proteins are split 
into somewhat smaller particles by proteolytic enzymes, more -COO and 


-MH, groups are made free and the product has normal spreading tendency. 


3. Transfer of Surface Films onto Solid Surfaces 

The technique of film transfer was developed by Blodgett in 
1934. This is probably the most important single development in the 
study of surface films of protein since the introduction of the spreading 
trough by Langmuir in 1917. The protein was introduced onto the surface 
of water by means of a platinum wire. This protein film was transferred 
to a plate about the same size as a microscope slide which was made of 
highly polished chromium plated brass, made hydrophobic when required by 
treatment with barium stearate. 
a. Monofilms 


Langmuir (1937) used Blodgett's method to transfer a single 
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monolayer of protein onto a plate. He found two methods of transferring 
monolayers. In method A, the plate was held in a vertical plane and low- 
ered into water through the protein film. Any residual protein was re- 
moved from the liquid surface. When the plate was raised out of the 
water, the protein film was then applied to the surface of the liquid. 
Upon raising the plate out of the solution the protein film was not yet 
in contact with the plate but lay on a water film. As the water dried, 
the protein film became attached to the plate. 

bs Multiple: films 

There are many types of multiple films, but only one type 
will be mentioned here as it is the only type of interest in the present 
study. 

For classification of the types of film obtained the following 
letters were used: P for plate, R for the hydrocarbon surface of barium 
stearate layers, A and B for protein layers produced by Methods A and B 
above respectively. Thus PRAB was a film prepared by placing the B film 
on an A film which had been deposited on a hydrophobic plate PR, as shown 


in Figure 2. 
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‘Hieures2.——Formation sof moltilayers of molecules. 
Promelangmuir et gl. « 1937). 


The plate (Figure 2A) was lowered into water covered by a 
protein film (Figure 2B). The plate was then withdrawn (Figure 2C) 
and dried, leaving two layers of protein on the surface of the plate. 
If a PRAB film was lowered into pure water or into water covered by a 
protein film,even under 30 dynes per cm. pressure, the B film was ejected 
from the plate on to the water surface. 

ihe addition of 10 grams per litre of zinc chloride to the 
water prevented the ieee of the B from the A layer and made it 
possible to continue adding AB layers indefinitely giving PRABABAB..... 
films (Figure 2D). In this way 30 layers were built up without difficulty. 

It was concluded by Langmuir et al. (1937) that there were 
some essential differences between A layers and B layers. One of the 
differences was that B layers which lay upon A layers were ejected onto 


the water surface when the plate was immersed in water in the absence of 
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j 
zinc ions, whereas A layers on B layers were not ejected. The methods 
used to form the layers indicated that A layers were inverted in their 
formation, whereas B layers were not inverted. Thus the outer surfaces 


of the A and B layers should be hydrophilic and hydrophobic respectively. 


4. Surface Denaturation of Proteins 

Bull and Neurath (1937) stated that the process of surface 
denaturation seems to consist of at least two reactions: 

a) The structure of the protein molecule is changed in 
some manner which results in a far more hydrophobic molecule than the 
natural protein. Neurath (1936) has described this as being an irreversible 
unfolding of the protein molecule at the surface. 

b) The second reaction consists in the precipitation or 
coagulation of the denatured protein. 

Bull and Neurath (1937) also postulated that the rate of 
surface denaturation by shaking would be governed by four reaction 
velocities: 

1. The rate of diffusion of protein molecules from the 
bulk of the solution to the surface. 

2. The rate of spreading and denaturation of the protein 
on the surface. 

3. The rate of formation of a new surface. 

4, The rate of precipitation of denatured protein in the 


bulk of the liquid. 
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Bull (1937) developed an apparatus for the study of protein 
films on protein solutions which yielded somewhat more quantitative results. 
A roller of known dimensions was dipped into an ovalbumin solution and 
rotated at known speeds. With this technique it is possible to measure the 
Poveseudeex clutCmOUsCreoLlOneang desrructiOn Of d1r—-protein Solution intertace. 
The amount of rarasiyn surface-coagulated per unit surface area as a 
function of speed of rotation was calculated from the amount of protein 
surface-coagulated in a given time. The thickness of the film of denatured 
protein at the surface was calculated from the specific volume of the 
protein. It was found that the thickness of the film calculated in this 


manner was a smooth function of the speed of rotation of the drum.(Figure 3). 
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Figure 3.--Amount of denaturation per rotation (surface area per 
rotation 171.6 sq-cm:) as a function of speed for 
several concentrations used. From Bull (1937). 
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It was estimated that the thickness of the film on a quiescent solution 
(by extrapolation of the thickness of the film to zero speed of rotation) 
for 0.1 per cent solution was 10.6 ne and this thickness was independent 
of the speeds of rotation. Below 0.1 per cent solution, the calculated 
thickness was dependent on the speed of rotation. With concentrations 


ereater tnan 0. per)cent, the thickness of the film increased rapidly 


with an inflection at 0.2 per cent (Figure 4). 
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Figure 4.--Amount of denaturation per rotation as a function of 
protein concentration for several speeds of rotation. 
From Bull (1937). 
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It was assumed that additional protein was adsorbed under the first 
10 A layer. This second layer of protein contained as a limit 3.5 
times the amount of protein in the first layer and was probably in an 
undenatured state. 

However, Bull (1937) reported neither the nature of the 
buffer system used and its ionic strength, nor the depth of the protein 
solution in the container. Also the effect of the period of rotation 


at different roller speeds was not taken into consideration. 
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IIL. EXPERIMENTAL 


1. General Approach 


The purpose of this investigation was to study the recovery 
of protein from dilute solutions using a rotating roller. The general 
method employed was to determine the amount of protein on the surface of 
the roller after it had been rotated in a protein solution. The effects 
of roller speed, pH, concentration, period of rotation, zinc ions, ionic 


strength, and depth of protein solution were studied. 


2. Protein Preparation 


a) Preparation of ovalbumin 


Three batches of ovalbumin (ovalbumin 1,2 and 3) were 
prepared from fresh hen's egg by the method of Kekwick and Cannan (1936) 
and recrystallized four times. It was dialysed in cellophane tubing 
against distilled water in the cold to the absence of sulfate. Protein 
which precipitated upon dialysis was removed by filtration through Whatman 
No. 1 filter paper. The filtrate was lyophilized, and the product stored 
at -18°F in wide-mouth plastic bottles. 

Moisture determination of the three preparations were made 
according to the method of the Association of Official Agricultural 
Chemists (A.0.A.C., 1965). The hemogeneity of the three batches of 
ovalbumin were checked by polyacrylamide gel electrophoresis (Davis, 1964). 

b) Preparation of globulin fraction 
Egg white globulin was obtained by adding an equal amount of 


a saturated solution of Naso, to 1:1 dilution of egg white with distilled 
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water (Kekwick and Cannan, 1936). The precipitated globulin fraction 
was removed by filtration onto Whatman No. 1 filter paper. The precipitate 
was then dissolved in phthalate buffer at pH 4.8 (ionic strength of 0.067) 
and dialysed in cellophane tubing against the same buffer in the cold until 
free of sulfate ion. This protein fraction was lyophilized and stored 
at -18°F in wide-mouth plastic bottles. 

c) Preparation of whey 

Fresh raw skim milk was heated to 30 + 2°C. Slow addition of 

0.1N HCl with constant stirring was made over the period of half an 
hour to bring the final pH to 4.60. Lt was centrifuged at about 1000 ¢ 
for 15 min. to remove precipitated casein. The supernatant fluid 
contained the whey proteins. 

d) Preparation of serum protein 

Animal blood, fresh from a packing plant, was allowed to 
clot overnight at room temperature. The clot was then removed by 
centrifugation at about 1000 g for 15 minutes. The supernatant serum 
was used immediately. 
3. The Rotating Roller Devices 
Two sets of the rotating roller device, a one-tray device 
(device 1) and multi-tray device (device 2) were made. Device 1 was 
used in the experiments reported in Part I of the results, and device 2 
in those reported in Part II. 
a. The one-tray rotating roller device (device 1) 
A rotating glass roller as shown in Figure 5 and 6 was 

employed to remove a monolayer or multilayers of protein from surface of 


the protein solution. The rotating roller had the following dimensions: 
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Figure 6.--Diagram of glass roller and lucite tray, all 
dimensions in centimeter, except where noted. 
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diameter 5.0 cm., circumference 15.7 cm., length 11.5 cm., giving a 
total area of wet surface of 181 sq. cm. for each revolution. The 
roller was placed in position in the lucite container which contained 
a given quantity of protein solution. The container, made of 1/4 in. 
lucite, had the following dimension: length 14.0 cm., height 6.4 cm., 
width 9.0 cm., the distance between the lower surface of the roller 
and the bottom of the container 1.0 cm. Samples of 200 ml. of protein 
solution were used giving a liquid depth of 2.0 cm. The motor used to 
rotate the roller gave a range of speed through a combination of gears 
and pulleys. The selected speeds of rotation were 9, 13, 18, 26, 33, 
qeeeo5> O9eand 94-1. p.m. 


b. The multi-tray rotating roller device (device 2) 


This new design as shown in Figure 7 was more versatile 
than device 1 as four rollers could be simultaneously rotated in series 
through connections between the shafts of the rollers. The dimensions 
of the containers were the same as described in section 6a (page 16), 
but the rotating rollers had the following dimensions: diameter 5.0 cm., 
length 11.0 cm. The total area of wet surface was 173 sq. cm. per 
rotation. A small synchronous geared motor (output speed 60 r.p.m.) 
was used with a system of interchangeable gears to drive the rollers 
(Table 1). The combinations of the gears were arranged to allow 5% 
increments between the lowest and the highest speeds of the final drive 
which were 17.9 and 201.5 r.p.m. respectively. A slight modification 
of gear box was later made to reduce the lowest speed to 9 r.p.m. 
Samples of 200 ml. of solution were used giving the liquid depth of 1.9 


cm., except when the volume was an experimental variable. The selected 
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Figure 7.--Multi-tray rotating roller device. 
(a) General view of the apparatus. 
(b) Detail of geared drive. 
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Table 1.--Relationship between gear ratios and final speeds of the 
rotating roller (device 2). 


Roller shaft speed (r.p.m.) 


Primary gear ratios® Find gear ratio” 

Set one Set two 28/64 Direct 64/28 
44/46 40/56 ie) 41.0 8 es, 
40/56 Une tare, 42.9 esi! 
46/44 40/56 LOG 44.8 102.4 
44/56 20 .6 47.1 107 /) 
46/56 ZW 8 49 .3 22 6 
40/46 223% 5 Die PUIG LE 
40/44 BSS 54.4 124.4 
44/46 Zoe L 57.4 1 
40/40 20-3 60.0 1D Het 
46/44 2/0 Oo reg) 143.4 
44/40 23.29 66.0 Oi 
46/40 30.52 69 .0 157-6 
56/46 B20 FES CAL 167.0 
56/44 33.4 76.4 174.6 
44/46 56/40 Shovel 80 .3 1823 
56/40 Se) crs) 84.0 Te) 
46/44 56/40 3000 87.8 2062 

a) Gear ratios are expressed as (number of teeth on driving gear) 


/(number of teeth on driven gear). The arrangements of the 
various combinations of gears are shown in Figure 23 in Appendix 
I (page Die 
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speeds of rotation used in experiments with device 2 varied, and are 


specified in each set of experimental results. 


4, Procedure Used in the Rotating Roller Experiment 


The following procedure was used throughout this investigation 
unless otherwise specified. All experiments were carried out at 
ambient temperature. 

Lyophilized ovalbumin was added to phthalate buffer at 
pH 4.8 (the iso-electric point of ovalbumin), and ionic strength of 
0.067. The solution was then filtered through Whatman No. 1 paper 
to remove undissolved protein, and a sample taken to determine the 
concentration of the filtered protein solution. The required volume 
of the solution was transferred to the container, and the dry glass 
roller was set in place. The whole apparatus was covered with a lid 
to minimize water loss through evaporation. The roller was rotated for 
the required time at the lowest speed for the first run. After each 
run, the roller was removed and a new one was set in place in the same 
solution, and rotated at the next higher speed. The protein recovered 
on the roller surface was dissolved in 25 ml. of 0.1N NaOh. This was 
done in a shallow tray designed such that the surface of the roller just 
touched the surface of NaOH solution (Figure 8). The roller was rotated 
by hand several turns until the protein deposited on the surface of the 
roller dissolved completely in NaOH. The protein concentration of the 
resulting solution was determined according to the method of Lowry 
et al. (1951). The absorbance at /50 mi was determined in a Beckman 


Model DBG spectrophotometer using a l-cm. cell. All determinations 
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were carried out in duplicate. The standard curves for concentration 
measurement of ovalbumin 1, 2 and 3 were constructed by dissolving a 
weighed amount of lyophilized proteins of known moisture content in 
O.1N NaOH to attain the desired concentrations. 

During the work it was found that the amount of liquid 
which remained on the roller when the roller was lifted from the solution 
contained significant amounts of undenatured protein. The technique of 
determination of the amount of denatured protein was therefore modified 
as follows: the dry roller was weighed before the run, and after the 
run it was reweighed to determine the amount of solution remaining on 
the roller. The amount of protein in the adhering solution was calculated 
from the weight of the solution and the concentration, and this amount 
of protein was subtracted from the total protein as determined spectro- 


photometrically. 


5c Determination of Thickness of Liquid Layer on Ehe  Surtaces OLeEneRROlmenrs 


The glass roller was cleaned and left to air-dry for about 
one hour. The dry roller was weighed with a support on an analytical 
balance. The roller, after being rotated in the protein solution, was 
removed in such a way that no scum deposited on the surface of the roller. 
The bottom half of the roller and both ends were blotted dry. The roller 
was then weighed again with the same support. The process of removing 
the roller from the solution until to the step of weighing was done as 
fast as possible in order to avoid evaporation of water from the surface 
of the roller. The roller was left to air-dry again for about one hour 
and then reweighed. The difference between the second and the third 
weighing was the amount of water in the liquid layer retained on the top 


half of the roller surface. 
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IV. RESULTS AND DISCUSSION 


The results and discussion of this investigation are 
separated into two parts. Part I covers ovalbumin 1 in device 1, and 


Part II covers ovalbumin 2 and 3 in device 2. 


PART, I 


1. Protein Recovery as a Function of Roller Speed in Unbuffered Solutions 
Some experiments were done on ovalbumin 1 dissolved in 
distilled water at pH 6.75-6.80. The rate of protein recovery (mg./min.) 
is plotted in Figure 9 against speed of rotation for three concentrations 
of solution. Apparently the speed of rotation has only a slight effect 
on the rate of protein recovery at concentrations of 0.07, 0.34, and 
0.71 per cent. The average rate of recovery at each of the three 
concentrations is plotted against concentration in Figure 10 (lower curve) 
which shows that the rate of protein recovery is approximately proportional 
to the concentration of the solution. An explanation of this phenomenon 
could be that the roller removes all the protein film from surface of the 
solution and hence the amount recovered would be proportional to the rate 
of diffusion of the protein from the bulk of the solution to the surface. 
This observation is in good agreement with the results of Bull and 
Neurath (1937) who studied the denaturation of ovalbumin by shaking. They 
found that the overall rate of coagulation of this protein depended on the 


rate of diffusion of soluble protein into the surface monolayer. 
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Legend 


vy 0.07% Protein 
o 0.34% Protein 


A 0.71% Protein 


Rate of Protein Recovery (mg./min.) 


Speed of Rotation (r.p.m.) 


Figure 9.<<Effect of speed of rotation on rate of protein recovery of 
ovalbumin 1 in unbuffered solutions (pH 6.75) for several 
concentrations of protein. 
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2. Protein Recovery as a Function of Roller Speed in Buffered Solutions 


Figure 11 shows the rate of protein recovery (mg./min.) vs. 
speed of rotation (r.p.m.) for four concentrations of ovalbumin 1 dis- 
solved in the buffer at pH 4.8. The speeds of rotation had very little 
effect on the rate of protein recovery at all concentrations except 
the run at 0.06 per cent concentration and 94 r.p.m . The average rates 
of protein recovery from the buffered solution were somewhat higher than 
those for the protein dissolved in water (see Figure 10). The results 
obtained here agree well with the works of Wu and Ling (1927), and Bull 
and Neurath (1937) who observed that the rate of surface denaturation 
by shaking of ovalbumin was maximum at its isoelectric point. Lindau 
and Rhodius (1935) determined the amount of ovalbumin adsorbed on 
surface of quartz powder and found that at values of pH other than the 
isoelectric point, the ovalbumin molecule swelled and occupied a much 
larger volume. The maximum surface density is therefore at the iso- 
electric point,and the removal of the surface layer should lead to a 
maximum rate of recovery. This is as observed in the present study. 

A relatively high rate of protein recovery (1.63 mg./min.) 
was observed for 0.06 per cent solution run at 94 r.p.m., whereas at all 
lower speeds, the rate of protein recovery was much less (average 0.07 
mg./min.). A stable film of protein was observed on the surface of 
the solution at the down side of the roller soon after this run had 
started. This film deposited onto the roller surface when it was lifted 
from the solution. For the purposes of this thesis, the stable film of 
protein is henceforth described as "scum" or "scum-like film". A 


mechanism for its formation is discussed in section 4 (page 28). 
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Figure 11.--Effect of speed of rotation on rate of protein recovery of 
ovalbumin 1 in buffered solutions (pH 4.8) for several 
concentrations of protein. No corrections have been made 
for the effect of protein in the solution which remained on 
the roller surface when the roller was removed from the 
tray. (Later experiments indicate that approximately 80 
and 20 per cent of the total protein recovered has been 
surface denatured in the runs with and without scum formation 


respectively). 
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ey! Recovery of Protein per Unit Area and Its Thickness as a Function 
of Speed 


The amount of protein recovered per square meter of the 
roller surface (R) was obtained from the equation, R = M/A, where M 
is the mass of the recovered protein, and A is the total surface area 
generated by the rotating roller. The volume of the recovered protein 
(V) can be calculated from the equation, V = M/D, where D is the density 
of the denatured protein. The density was taken to be 1.30 galtany” 
(Neurath and Bull, 1937). The thickness of the protein (T) film is 
then given by the equation, T = V/A. 

Protein recovery per unit area Giese) and thickness 
(A) are plotted against speed of rotation in Figures 12 and 13 respectively. 
Both the protein recovery and the average thickness decreased as speed 
was increased (except for 0.06 per cent solution at 94 r.p.m.). This is 
because the rates of protein recovery were virtually independent of 
speed, but the rate of generation of surface area is directly proportional 
to speed. According to Gorter and Philippi (1934), and Neurath (1936), 
the thickness of a monolayer of a film of ovalbumin is equal to 10.6 ‘ 
Therefore at 9, 13 and 18 r.p.m., more than one monolayer was removed 
from the 0.60 per cent solution (Figure 13). For the 0.06 solution at 
94 r.p.m. the average thickness of the protein film removed was 86 per 
cent of that of a monolayer. This indicates that almost one monolayer 
was formed, whereas at 69 r.p.m. at this concentration, only 3 per cent 


of the surface was covered with protein film. 


4. The Proposed Mechanisms of Formation of Scum-like Film 


The experiments in section 2 showed that two mechanisms of 


protein recovery occurred. At low speeds the protein film absorbed firmly 


onto the surface of the roller, possibly in the form of RABAB.... layers, 
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Figure 12.--Effect of speed of rotation on protein recovery of ovalbumin 
1 in buffered solutions (pH 4.8) for several concentrations 
of protein. No corrections have been made for the effect of 
protein in the solution remaining on the roller when the roller 
was removed from the tray. 
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Figure 13.--Effect of speed of rotation on calculated thickness of 
recovered protein film for ovalbumin 1 in buffered solutions 
(pH 4.8) for several concentrations of protein. No 
corrections have been made for the effect of protein in 
the solution remaining on the roller when the roller was 
removed from the tray. 
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where R refers to the glass roller surface, A and B refer to the two types 
of protein film as described in section 4b (page 7 ). At high speeds the 
recovered protein was observed on the surface of the solution in the 

form of scum-like film instead of adsorbing onto the roller surface. The 
two mechanisms are shown diagramatically in Figure 14. 

For the film to adhere to the roller surface, solution 
must drain completely from meniscus. As the roller speed increases, 
the amount of solution moving into the meniscus (due to movement of 
liquid surface and roller surface) increases. The increased flow of 
liquid would then cause a separation between the protein film and the 
roller surface, so that a film of liquid would be carried over the 
roller, as shown in Figure 14b. The speed of rotation at which this 
separation takes place would depend on the properties of the surface 
film (especially surface strength) and the strength with which it adheres 
to \the roller. Wt-is expected that the properties of the liquid 
(particularly viscosity and density) will also affect the speed at 
which separation takes place. 

As the film is carried over the roller surface, further 
diffusion of protein from the liquid film to its surface would take 
place, and so increase the overall amount of denaturation. Because the 
film is no longer in contact with the roller, it would not be carried 
down below the surface of the solution in the tray, but it would float 
out onto the surface of the solution on the down side of the roller. 
Because the ends of the tray prevent the film from moving away from 
the roller, the film becomes compressed. This accumulation of protein 
film on the surface of the solution would render it visible as a scum- 


like layer. Calculations based on the amount of ovalbumin required for 
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Figure 14.--Proposed mechanisms of protein recovery. 
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a formation of one monolayer (approximately 1 mee meee Langmuir and 
Schaefer, 1939) showed that raw one of a 0.06 per cent solution 
per aan of the roller surface contained enough protein to form one 
complete monolayer. Therefore a film of liquid with a thickness greater 


3) 


-3 - 2 
than) 2x10 > em. (equal to 2x10 ein TY ) would contain sufficient 


protein to give the observed results. 


5. Effect of Zinc Chloride on Film Formation 

It has been shown that the spreading of ovalbumin on 
surface of the solution is affected to a great extent by divalent 
cations in the solution (Gorter, 1937; Neurath and Bull, 1938). These 
cations have been shown by Langmuir (1939) to assist the built-up of 
multi-layers of protein by preventing the ejection of the fresh monolayer 
onto the surface of the liquid on the down stroke of a glass slide 
used to deposit protein films. Hence, the effect of addition of 
ZnCL, to protein solutions was examined. Figure 15 shows protein 
recoveries for solutions of 0.06 per cent protein (without zinc ions) 
and for 0.05 and 0.03 percent protein (0.05 percent zinc chloride). 
No scum was observed at speeds lower than 94 r.p.m. for the 0.06 per 
cent solution. The addition of the salt caused scum-like films to be 
formed at speeds down to 53 r.p.m. for 0.05 per cent solutions of protein. 
The thickness of the recovered protein film was approximately the same 
as that which formed at 94 r.p.m. and 0.06 per cent protein solution 
without zinc ions. Neurath and Bull (1938) in the review paper dealing 
with the effect of electrolytes on the surface tension of protein solutions 


suggested that electrolytes decreased the electrostatic repulsion between 


protein molecules, thus allowing them to approach more closely on the 
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surface of the solution. This almost certainly would have a significant 
effect on both surface strength and the adhesion of protein film to roller, 
and hence the presence of cations would be expected to have a marked 
effect on the speed at which scum formation takes place. For the 0.03 
per cent solution, a stable scum-like film was observed at 33 r.p.m., 
whereas it was not observed at this speed for 0.05 per cent solution. 
Therefore concentration of protein, as well as the presence of zinc ions, 
affect the scum formation phenomenon. 

Thegettectwoteaddition or .ZnCl5) (OZ05eper cent). to 0597 sand 
0.57 per cent solutions of ovalbumin 1 was also studied. Scum was not 
ebserved in either. solution in'the range of speed up to 191.9 r.p.m. It 
appears then that the lower the concentration of protein, the lower is 


the speed at which scum is observed. 


PART II 


1, Differences between Ovalbumin 1 and 2 

In several runs during preliminary investigation on the 
effect of roller speed on recovery of ovalbumin 2 (approximately 0.1 
per cent) with device 2, scum was observed at the lowest speed of 18.8 
r.p.m. instead of at 94 r.p.m. only as for ovalbumin 1 with device 1. A 
number of experiments were carried out to determine the reason for the 
different behaviour. 
a. Effect of roller speed on recovery of ovalbumin 2 in device 1 

A solution of approximately 0.1 per cent ovalbumin 2 was 
examined in device 1. The scum point was also observed at 18 r.p.m. 
This indicated that the change in scum-formation behaviour was not due 


to differences between the rollers or devices. 
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b. Effect of roller speed on recovery of ovalbumin 1 in device 2 


A solution of approximately 0.1 per cent ovalbumin 1 was 
used in device 2. The scum point was observed at speeds in the range 
54.4 .to’ /6.4°G.pem. This was similar to ovalbumin 1 in device 1, 
although the scum point was somewhat lower. This showed that the 
equipment might possibly have some effects. It was felt,however, 
that difference between the two batches of protein was more important, 


and hence all further studies were done using device 2. 


©. Ettect of roller speed on recovery of ovalbumin 1] and 2 in device 2 


Protein recovery ear is shown in Table 2 as a function 
of roller speed for 0.06 and 0.32 per cent solutions of ovalbumin 1, 
and for 0.07 and 0.33 per cent solutions of ovalbumin 2. For ovalbumin 1 
(0.06 per cent solution) the scum formation was observed at speeds 
greater than 66.0 r.p.m., but scum was not observed at any speed with 
the 0.32 per cent solution. This was similar to the results obtained 
with device 1 (section 3, page 28). For ovalbumin 2, the scum was 
observed at every speed both at 0.07 and 0.33 per cent solutions. The 
protein recovery of ovalbumin 1 when no scum was observed was less than 
that of ovalbumin 2 at the same speed of rotation. When the scum was 
observed in ovalbumin 1 system, the protein recovery was approximately 


the same as obtained from ovalbumin 2 for the same concentration. 


d. Effect of roller speed on recovery of globulin fraction 


Polyacrylamide gel electrophoretograms of ovalbumin 1 
(Figure 16) showed one prominent band and some other fainter bands 
beside the three bands of ovalbumin Al, A2, and A3, which were the only 
bands present in the electrophoretograms of ovalbumin 2. The prominent 


band was assumed to be globulin. The differences in behavior of 


- 
é soivel abl piveiien 2 coin mi diane il 


jew | ulrwelave sfe aee 1.0 yioae vase aL gie 7 ovkaufoe A » 7 
ag fr) le I EVofoe- Th hover a Pec aaw Shinra ake aut +" sodyvob ins beau - - 
ed oh ot I mivanijeyvo. of Teilinte aaw erat 2.9. 4,3 o2 4. ad = 2 


dD 4ndd bewode chill priwel Ssfrno2 2aw Irlog mide ond déguodaia 


, F 
sateen, dhe w If .piyelio ome oved yidPesod tigtg gapmgivpe 
weit j re ey oksdterre 2o esilated ows sna agsawood sone text aeula 
ain -_ ejow esibuve sotto? Lis eomed bow 
opiveb ni ¢ hoe | ilmudleve Bh ereveter AO Uptice SpRiok te Jastem ye 
Te £ B im Vis t mule et ( ge) v¥evooss ofeder? € 
tf nigudlevo tn enoFioloe treo tea S0.0bew O60 Fae seuee valley to = 
fitiave voy .£ simidiayn 26 shinies gmp tag CE.0 bie Te.0 30% bas 
elseane ts bevrsede asw solvent aioe a oe dnso 16q 30.0) 
fhitw sede ns J6 bovreddo 20h aBw mse dud este. 6.20 andz tsizseTg 
3 : E - 
Hiet; etiveot sii ot tellmiz Siw eli? .noisibos deen 26@ S60 ace . 
iw 
eew mye oo 8 almudlsevo tat . (88 =geq (6 nokeome) Lt soiveb dstw- ; 


iT . Boo baw us tan 19g €t.0, bas VOr0 2a oad betge Trevs 28 bevisedp. _ - 


emia ees <aW bsviseda aew suoe on pedw £ obmodiees to vrevoost nisjozq” Q 

680 Moe sul) coi!’ .notiavet tn beage smite ssa a8 2 ninndiewo We sere ; 
WSs ikorg¢n env vrsvooss alsdesq sil) pieosye wae ak b - 
“wkierinsonca onse sia roi S shontinve word benteivo ae” 


_ 


_ 
_ 


oi eid ae 


a 


peArzesgo wnos ON 5 


ee ee 


80°T 69°T CanO LOn 80°T shi LE $0°T cr Gam on 

Oia oceeu 9L°0 | 86°C ca AL eoCeG ine, ST Set 7eil 

Tee ORG c8°0 HENS HE coon Oa ST 6°OST 

COmT Goat Cone SOmC 76°0 oe nepal O€ HENS 

7 7 Vie 8S°T yee) We NS £074 iene Oat O€ 6°26 

SOmE (BG Uh oe CoG CmO Sle 0am 09 PSL 

= Ceet OL°O . SLC 76 0 arexe 1 poe 0 09 0299 

Chal a 0 Smt CLaO LoaG CUE eye) | an @) j 09 7° 7S 

SG Cel oo -0—— yaya ViCuee Bek por 0 09 6°C? 

OV T CIRC D0 mb Of°S ea BUG soc 0 09 6°8¢ 

Ome 69°£€ GOmsL Cong OS SLO gy, aio iE 09 Seer 
~L0°0 , Bive 250 °0 Lee 0 oL0°0 AES £90°O (- 208") (-w-d-2) 
€ Upunq TeAg uot IoOeAF ULTNGOTO Ge RANTS YN eeeXG) T UFUngTeAg ee oe 
potieg peeds 


Cee Ad@AODeA UTEI0Ig 


(gry Hd ae pezezgnq suotq4n{os TT) 
uot zveAT UT[TNqoTS pue “¢ <7 <7 Gtung|eAo TOF SaTAVAOIVA ute zoid jo uostiedwoj--*7 eTqeL 


. ye, Lar er 


q : +B 
ss, 


———__—__ —;- ——s 
ar yet (ca\egm) yIsvecsT cy jay 


ee 


7 —— 7 : 7 - . ; _ 7 a 
— : € almudisyO gHitsde 7? oo ludald c plored] avd i aimediev® - 
ied bu - _) aie es >. SS _ 
oe... —— en 
sd hd SS. . _ a | — 


eo = 
we 0 a « 


7 


“ 
p 


38 


t 


*proe oTJeoeOAOTYOTAR ued Jed QT UT OGZ U eBMTA STSseuoo) 
queso zed co*g yaTM pouteas ‘¢°g Hd Sa2ez nq SUTOATS-ST1q UT 
pue ‘7 ‘{ upfwng[eao jo sweasojeto0ydorjveTe Toes oprueTAroeATOg-—*9T eAnsty 


€ utunqTesg Zz uTuNqTeAQ J utungTteag 


epoyze) 


akp BuTyoery 


[Te3 azod [Teus 


Te8 e1od 98387 HA ULL] epouy 


—_ 
an 


- 7 . 
aan Se Se 


ae 


fo 
Ae—_ee 


“~- 


_ | 4 
| 
sb gnitdossT —— 7 | 


tuwdlevD © ptnulfave C rtaodTeed 


- 


—E bee .© ,f miontifavo do amarpntoradqortosio fer ohhun fy rosy iot=. at 
jas x99 20.0 datw boafete ,£.8 fy , teed anfotig-eria GF 
Biase atisonoTrofdolt+ dasa tey 1 at OC @ aplt siaeamoed 


39 


ovalbumin 1 and 2 were thought to be due to the "globulin impurity". 
Therefore solutions of globulin in buffer at pH 4.8 of approximately 
0.05 and 0.2 per cent were prepared and protein recovery vs. roller 
speed experiments were carried out. The results are shown in Table 2. 
No standard curve was available for globulin-concentration measurement, 
and the curve for ovalbumin 2 was used for approximate determinations. 
Scum was observed in both solutions at every speed of rotation studied. 
If the protein giving the third band was globulin then 

it would appear that some interaction took place between the ovalbumin 
and globulin to give properties shown by neither alone. Alternatively, 
the material giving the third band could have been a protein other than 


globulin. No attempts were made to identify the impurities. 


2. Determination of Thickness of Liquid Layer on Roller Surface 


The proposed mechanisms of protein recovery predict that 
a far thicker layer of liquid is carried over the roller when scum is 
being formed, than when scum is not being formed. To test this 
hypothesis, several experiments were performed: 
a. Ovalbumin 1 

Table 3 shows the amount of liquid film on the upper half 
of the roller surface, with and without scum formation, for a solution 
of ovalbumin 1 (approximately 0.1 per cent solution). The amount of 
liquid film at 18.8 r.p.m. when no scum was observed showed no significant 
change as the period of rotation was increased. Similarly, speeds of 
rotation did not appear to have any significant effect on the liquid 
layer for the series of runs in which scum was formed. The average 


amount of liquid when scum was observed was higher than that when no 
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scum was seen. Application of t-test to the data showed that the 
difference was significant at the 0.1 per cent level. 

The data for speeds greater than 36.8 r.p.m. are consistent 
with the proposed mechanism for formation of scum. The average 
thickness of the liquid layer remaining on the roller for the runs in 
which scum was formed was approximately 0.002 cm., which was equal to 
that required for a single monolayer (page 33 ). Some drainage would 
have occurred during the time the roller was stopped and the time it 
was weighed, so that the actual liquid layer thickness during rotation 
was somewhat greater than this minimum value. 

The amount of liquid layer on the upper half of the roller 
surface for a solution of ovalbumin 1 (approximately 0.6 per cent) is 
shown in Table 4. As the speed of rotation was increased the amount of 
liquid layer also increased. All runs were of 2-minute periods of 
rotation. No scum was observed in this series of runs. These results 
differ from those obtained from 0.1 per cent solution in which the 
amount of liquid layer was essentially independent of speed. Neurath 
and Bull (1938) reported in a review paper on the effect of protein 
concentration on the surface tension of protein solutions that, in 
general, as the protein concentration is increased the surface tension 
decreases. This change of surface tension could well cause the difference 
in the amounts of liquid layer at the higher concentrations. 

The dynamic surface tension at the meniscus and on the 
liquid layer on the roller depends on the amount of protein which has 
diffused into the surface. The amount of protein which diffuses to the 
surface depends on the speed of rotation, and hence a distinct effect 


of speed on the amount of liquid layer is quite reasonable. 
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Table 4.--Amount of liquid layer on the upper half of roller surface at 
several speeds of rotation for ovalbumin 1 (approximately 
0.6 per cent) in buffered solution at pH 4.8. 


Speed of rotation® ighekl (eee 
(Geoiains 3} (mg. ) 
18.8 | 50 
36.8 143 
54.4 173 
76.4 it 
97.9 187 
124.4 219 
150.9 ey) 
191.9 206 


i a 


a ; ; ' 
Period of rotation 2 min. at each speed 


No scum observed throughout the entire speed range 
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In the experiments reported in Table 3 it is seen that the 
runs which were done toward the end of the series showed more rapid 
scum formation than identical runs performed earlier in the series. 
The final set of runs at 36.8 r.p.m. showed rapid scum formation, while 
earlier runs at the same speed showed no scum even after a 4 minute 
period of rotation. Table 5 shows the times at which scum first 
appeared for a further series of runs. From this data and that in 
Table 3, it appears that the phenomenon of scum formation may depend 
on the history of the solution, i.e., how long the solution has been 
used with the device and which speeds and intervals of rotation have been 


applied to the solution. 


b. Ovalbumin 2 

Table 6 shows the amount of liquid layer remaining on 
the upper half of the roller surface after being rotated at 18.8 r.p.m. 
for different intervals of time using a 0.1 per cent solution of 
ovalbumin2. Two trays were used and three runs were done at each speed. 
No scum was observed in the runs of 15 second duration at 18.8 r.p.m. 
The amount of liquid layer was greater than that in all longer runs 
in which scum was observed. This may be due to an initial transient 
effect (e.g., initial acceleration of the roller). 

Scum was formed in all runs at 150.9 r.p.m. The amount of 
liquid layer was greater than that at 18.8 r.p.m. There was a slight 
decrease in the amount of liquid layer as the duration of rotation 
increased. 

A series of runs with six solutions of ovalbumin 2 
(concentrations ranging from 0.1 to 2 per cent) were carried out. The 


speeds of rotation were 18.8 and 150.9 r.p.m. All runs were for 1 minute. 
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Table 5.--Effect of history of protein solution on scum formation for 
ovalbumin 1 (approximately 0.1 per cent) in buffered solution 
Ee Herc Oe 


Perl Od.olerousELon 
ree (Approx. time when scum observed) 


18.8 rpm 3638 rpm 54.4 rpm 66.0 rpm 70.45 Tom 


i 
15 sec 
(no scum) 

Zain 

(no scum) 

yo inal g) 
(scum, lmin) 
30 sec 
(scum, 6sec) 
30 sec 
(scum,9sec) 
30 sec 
(scum, 9sec) 

30 see 

(scum, 20sec) 
1 min 

(scum, 18sec) 
30 sec 

(scum, 12sec) 

Sample left overnight at room temperature 
2 


1 min 
(scum,12sec) 
Ab min ° 
(scum,10sec) 
4 min 
(no scum) 
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The amount of liquid layer (as shown in Table 7) decreased, both 

at 18.8 and 150.9 r.p.m., as concentration of the solution increased. 
Again, the amount of liquid layer at 150.9 r.p.m. was higher than that 
at 18.8 r.p.m. at the same concentration. Although some distinct trends 
are apparent in the data, the effects of the type of ovalbumin, 
concentration of the solution, speed and period of rotation on the 
amount of liquid layer on the roller surface are not yet clearly under- 


stood. 


3. Effect of the Depth of Solution on Protein Recovery 

It seems probable that the angle of contact at point 
between the surface of the roller and the surface of the solution 
might affect the rate of protein recovery. This angle of contact varies 
with the depth of the solution, i,e., the greater the depth of the 
solution (from the bottom of the container) the larger is the angle 
OL contact. 

The effects of three depths of 0.06 per cent ovalbumin 2 
solution (1527, 1.75 and 2.38 cm:) on protein recovery were studied 
simultaneously in three trays. The results are shown in Table 8. 

(1) 


Analysis of variance showed that the effect of the depth of solution 


had no significant effect on the recovery of protein. 


4, Effect of Ionic Strength of Buffer Solution on Protein Recovery 


To evaluate the effect of ionic strength of the buffer 


solution on protein recovery at various speeds, three series of runs 


ag ee 
wo An analysis of variance calculation was done on an IBM 360/67 


computer using an APL library program (ANOVA) 


he 
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with 0.07 per cent ovalbumin 2 at ionic strength 0.016, 0.067 and 
0.141 were performed. The data presented in Table 9 shows 

only a slight variation of the amount of protein recovered. Analysis 
of variance showed that the effect of ionic strength of the buffer 
solution was significant at the 2.5 per cent level. Hence, it is not 


certain whether the observed effect of the ionic strength is real. 


5. Characteristics of Ovalbumin 3 

At this stage of the experiment more ovalbumin was required 
and a third batch (ovalbumin 3) was prepared. Polyacrylamide gel 
electrophoretograms of this preparation were identical to those of 
ovalbumin 2 (Figure 16). Protein recovery Cetin as a function of 
speed (r.p.m.) at 0.08 per cent solution is shown in Table 2 (page 37 ). 
These data show that the amount of protein recovered and the scum 
formation point obtained from ovalbumin 3 were similar to ovalbumin 2 
at approximately the same concentration. Therefore ovalbumin 3 is 


considered to be identical to ovalbumin 2. 


Gow EiLtect, of Period, of Rotation on Protein Recovery 

In experiments to determine the effect of speed of rotation 
on recovery of ovalbumin 2 and 3 from 0.07 per cent solutions, several 
different periods of rotation were used. When the results were plotted 
(protein recovery vs. speed of rotation as shown in Figure 17), breaks 
in the curves were observed at points corresponding to the changes of 
duration. This was found to be due to significant amounts of undenatured 
protein in the solution which remained on the roller when it was 


removed from the tray at the end of each run. This amount of undenatured 
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Figure 17.--Effect of period of rotation on protein recovery of 
ovalbumin 2 and 3 in buffered solutions (pH 4.8). Speed 
range 18.8-191.9 r.p.m. Concentration 0.07 per cent protein. 


—T r ats - 
| 
[ 
z 
y 
7 
Po } 
-_ ‘ 
e | : 
‘ ’ 
a 
© 
4 . hasge! 
an 29003 oo60t oeatlt 
oS gimudieve —. 6 
I tue ,€ wtemdisve ° Vv 


aisudievo | @ © a 


Die 


protein is approximately the same for all runs at a single concentration 
because the amount of solution remaining on the roller is more or less 
independent of the length of the run. The effect of the presence of the 
undenatured protein is to make the value of protein recovery (ney fine) 
greater than it should be. With the longer runs which give larger 
amounts of denatured protein, the effect is much less than it is with the 
shorter runs which give relatively small amounts of denatured protein. 
This observation means that results from experiments which 
did not take account of the protein in the solution adhering to roller 
are somewhat greater than they should be. Most of these experiments 
used uniform periods of rotation, and hence the trends observed will 


Stra. be valid. 


7. Effects of Roller Speed and Concentration of Solution on Recovery 


of Protein from Solutions of Ovalbumin 1 and 3 

Two series of protein recovery experiments were conducted 
to evaluate the main effects, i.e. speed of rotation and concentration 
of the solution. The first series used ovalbumin 3 and the second used 
ovalbumin 1. 

In the ovalbumin 3 series eight speeds and three concentrations 
were used, and in the ovalbumin 1 series, seven speeds and three concen- 
trations were used. Two different periods of rotation were used at each 
combination of speed and concentration to check the validity of the 
correction for the adhering solution. Three trays were run simultaneously 
at each combination of speed of rotation, concentration of solution and 


period of rotation. 
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a. Ovalbumin 3 experiments 

Table 10 shows the periods of rotation used in the ovalbumin 
3 runs. At the lowest speed (9 r.p.m.) and with the most dilute 
solution (0.075 per cent protein), it was necessary to run for longer 
periods than at higher speeds and with more concentrated solutions, 
in order to obtain measurable amounts of denatured protein. 

Table 11 shows the protein recovered Gea) for the oval- 
bumin 3 experiment. Scum was observed in all runs. The results of 
the analysis of varianeeof the data shown in Table 11 are summarized 
in Table 12. In the analysis of variance the effect of period of 
rotation was evaluated on the basis of long and short periods, without 
regard to the actual magnitude of the period of rotation. Speed, 
concentration and time (i.e. period of rotation) are all significant 
at the 0.005 probability level. The probability level for the effect 
of tray is between 0.025 and 0.050. 

All second and third order interactions involving the effect 
of tray position have probability levels greater than 0.05 and hence are 
considered to be not significant. All other interactions had probability 
levels less than 0.005, and hence are considered very significant. 

The probability level of the third order interaction speed x 
concentration x time (less than 0.005) indicates that the effect of time 
depends on the combination of speed and concentration. To evaluate the 
effects of time and speed more fully, analyses of variance were done 
for each of the three concentrations separately. The results of these 
analyses of variance are shown in Table 13. Again the effect of speed 
of rotation on protein recovery is very significant (all probability 


levels less than 0.005). The effect of position of tray is not very 
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Table 12.--Summary of results of the analysis of variance of ovalbumin 


3 runs for all’ concentrations of protein. 


—————— nn 


Source of variation 


Probability Level 


020755) 0,94, 0.882 protein 


Speed: Concentration; Time: Tray 


(no replicates) 
Speed 
Concentration 
Tray 
Time 
Interactions: 
Speed x Concentration 
Speed x Tray 
Speed x Time 
Concentration x Time 
Tray x Time 
Speed x Concentration x Time 
Speed x Concentration x Tray 
Concentration x Tray x Time 


Speed x Tray x Time 
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Significant, with probability levels of 0.025 to 0.050, greater than 
0.050, and 0.010 to 0.025 for the 0.075, 0.34 and 0.88 per cent ovalbumin 
solutions, respectively. The effect of time was only significant for 

the runs with 0.88 per cent ovalbumin (probability level less than 0.005). 
The largest differences in protein recovery between the longer and shorter 
periods of rotation occur at the lower end of the speed range where the 
amounts of denatured protein are the least (since the total surface area 
generated is proportional to the speed of rotation). The runs which give 
the lowest amounts of denatured protein have the greatest ratios of 
undenatured to denatured protein, and hence these runs will be affected 
the most by any errors in determination of the amount of liquid film 
remaining on the roller after the run. 

The speed x tray interaction for the highest concentration 
has a probability level between 0.005 and 0.010 (Table 13). The reason 
for this is not clear. The significant speed x time interaction 
(probability level less than 0.005) arises because the greatest effect 
of time occurs in the lower half of the speed range. 

Figure 18 depicts the average rate of protein recovery 
(ao. /ming) as a tunetion of speed” of rotation of theyroliersfor each 
of the three concentrations of ovalbumin 3. The rate of recovery is 
approximately proportional to speed for both the 0.075 and 0.34 per cent 
solutions, but the rate of recovery for the 0.88 per cent solution is a 
nonlinear function of speed with decreasing slope at higher speeds, which 
indicates that there may be a maximum rate of recovery at speeds higher 
than those used in this study. These data are quite similar to those 
of Bull (1937). Bull and Neurath (1937) discussed the decreasing effect 


of speed on solutions with higher concentration. They suggested that 
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Speed of Rotation (r.p.m.) 


Figure 18.--Effect of speed of rotation on rate of protein recovery of 
ovalbumin 3 in buffered solution (pH 4.8) for several 
concentrations of protein. Rate of protein recovery 
corrected for protein in adhering solution. 
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the rate of spreading of protein would presumably be inhibited owing 
to a smaller area in which to spread. At high concentration, the 
electrostatic attraction between the zwitter ionic groups at the iso- 
electric point would increase the intramolecular cohesion forces, 


thus decreasing the ease of spreading rather than increasing it. 


b. Ovalbumin 1 experiments 

Table 14 shows the periods of rotation used in the ovalbumin 
1 runs. In the runs in which scum was formed, the periods of rotation 
were 30 and 15 seconds for the long and short periods, respectively. 
These shorter periods were used to avoid decreases in concentration 
of the solution by removal of large amounts of protein. 

Table 15 shows the protein recovered in ee at for the 
ovalbumin 1 experiments. The only runs in which scum formation was 
observed were those at speeds of rotation of 60 r.p.m. and greater 
with the 0.05 per cent solution. 

The results of the analyses of variance for the two con- 
centrations at ‘which scum formation did not take place (i.e. 0.35 and 
0.58 per cent protein) are shown in Table 16. Speed, concentration, and 
time were all significant at the 0.005 probability level. The very 
significant effects of speed and concentration were as expected but 
the effect of time (i.e. period of rotation) was much more significant 
than anticipated. At all speeds the recoveries of protein in the runs 
of long period (period 1 in Table 15) are less than the protein 
recoveries in the runs of short period (period 2 in Table 15.). Much 
longer periods of rotation were used in the runs which did not give scum 
than were used in the runs in which scum formed, in order to obtain 


larger amounts of denatured protein. In spite of this, the amount of 
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Table 16.--Summary of results of the analysis of variance of ovalbumin 1 
runs for all concentrations of protein. 


Probability of significance 
Source of variation 


0.35, 0.58% protein 


Speed; Concentration; Time; Tray 
(no replicates) 


Speed <0.005 
Concentration <0.005 
Tray >0.05 
Time <0.005 
Interactions: 
Speed x Concentration <0.005 
Speed x Tray >0.05 
Speed x Time <0.005 
Concentration x Tray >0.05 
Concentration x Time ) Z0e0s 
Tray x Time 70.05 
Speed x Concentration x Tray >0.05 
Speed x Concentration x Time >0.05 
Concentration x Tray x Time >Q 702 
Speed x Tray x Time 20 205 
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denatured protein is very sensitive to errors in the estimate of the 
undenatured protein. Examination of the raw data does not indicate 
clearly whether the significant effect of time arises from errors in 
the estimate of the amount of undenatured protein or whether it arises 
from some other effect. 

The effect of tray was not significant at the 0.05 probability 
level. 

The only interactions which showed probability levels less 
than 0.05 were speed x concentration and speed x time (probability levels 
both less than 0.005). The interaction of speed and concentration is 
in agreement with the non-scum data on ovalbumin 1:presented in Figure 
12, where the effect of speed depends very much on concentration. Examina- 
tion of the raw data shows that the ratio of undenatured to denatured 
protein decreases as the speed increases. Hence the significant inter- 
action between time and speed could arise from errors in the estimate 
of undenatured protein in the solution remaining on the roller after 
removal from the tray. 

Two analyses of variance were done for the 0.05 per cent 
ovalbumin 1; the first for the four speeds which gave scum formation, 
and the second for the three speeds which did not give scum formation. 
The results of these analyses are summarized in Table 17 along with the 
results from the analysis of variance of each of the two concentrations 
which did not give scum formation at any speed. 

The first column of Table 17 shows the probability levels 
for the runs which gave scum formation. The effect of speed is very 


significant (probability level less than 0.005). This is as observed 
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in the ovalbumin 3 experiments where scum was formed in all runs. 
The effects of tray and time were significant (probability levels 
both between 0.010 and 0.025). The reason for the effect of trayeis 
not clear. The correction for undenatured protein is less than the 
correction required for the runs in which no scum was formed, and 
hence the effect of time is not as significant as the effect of time 
in the runs with 0.37 and 0.58 per cent solutions. The very significant 
speed x time interaction (probability level less than 0.005) arises 
because the greatest effect of time occurs at the lowest speed. 
This is very similar to the effect of speed on time observed with the 
ovalbumin 3 experiments. 

The second column of Table 17 summarizes the results of 
the analysis of variance for the three speeds with 0.05 per cent ovalbumin 
1 which did not show scum formation. The probability levels of all main 
effects and interactions fall in the same ranges as those for the two 
higher concentrations which did not form scum at any speed. The 
results of the analyses of variance for these two speeds are shown 
in columns 3 and 4 of Table 1/. 

Figure 19 shows the effect of speed of rotation on the average 
rate of protein recovery (mg./min.). This figure corresponds to 
Figure 11 (page 27) which shows data uncorrected for adhering solutions. 
The data of Figure 19 for the runs not giving scum are approximately 
half to one third the corresponding data of Figure 11, but, the general 
trends are the same. The rates of recovery of protein with scum formation 
are quite comparable. This is because the error introduced by the adhering 
solution is relatively unimportant for the long run used for the data of 


Figure 11. Comparison of the lowest speeds at which scum forms shows 
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Figure 19.--Effect of speed of rotation on rate of protein recovery of 
ovalbumin 1 in buffered solutions (pH 4.8) for several 
concentrations of protein. Rate of protein recovery 
corrected for protein in adhering solution. 
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that the concentration of protein has some effect in the absence of 
zinc chloride as it does in the presence of zinc chloride (see 


Pieureslo,epase 34 |), 


c. Comparison with the work of Bull 

The present investigation, in general, does agree with 
the work of Bull (1937) in that the amount of surface denatured protein 
per unit surface area depends mainly on speed of rotation and concentration. 
However, none of Bull's data compares with the data of the non scum runs 
with ovalbumin 1. This is seen quite clearly in a comparison of 


Figures 20 and 19 which show the rates of protein recovery (mg./min.) 


Per cent 


1.0 and 1.5 


Milligrams Denatured per Minute 


0 10 20 30 40 50 


Revolution per Minute 


Figure 26.--Amount of denaturation per minute as a function 
Of specdeon rotation. irom bull (1937). 
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as functions of speed of rotation for the various concentrations used 
in Bull"s work, and the corresponding curves for ovalbumin 1, respectively. 
It should be noted that the surface area per revolution of the rollers 
used in the two studies are almost identical (this work - 173 em: "3 
Bull "s.work = 171.6 em) The curve in Figure 19 for the runs which 
gave scum formation (open circles) can be extrapolated to the origin. 
Bull's data for 0.05 and 1.10 per cent protein fall in this low speed 
range, and his curve for these data is quite close to the extrapolated 
line of Figure 19. His data for higher concentrations give rates of 
protein recovery ranging up to 6 mg./min. at 50 r.p.m. whereas the 
rates of protein recovery for the higher concentrations of ovalbumin 1 
are at most 0.25 mg./min. 

Figures 21 and 22 show the average protein recoveries 
Genfie for various concentrations of ovalbumin 1 and 3, respectively, 
as functions of protein concentration. These curves can be compared 
with Bull's curve of amount of denatured per rotation as a function 
of protein concentration (Figure 4, page 11 ). The plateau in 
Figure 4 is approximately 5 aa Je The points in Figure 21 for the 
runs which gave scum formation are of the same order as the lower end 
of Bull's curves, but the data in Figure 21 for the runs showing no scum 
formation do not correspond with any data in Bull's figure. The points 
at low concentrations in Figure 22 are somewhat lower than those at the 
lower concentrations in Figure 4, but the effect of an increase in 


concentration on the protein recovery is quite similar to that reported 


. a 
beer egantietinesnos evolitev sit toh nolssiex Io beaqi to enolsooud a 
inecesz ,! tart Leva +01, povtbo enthwaqesti69 alt bis now a' list ak 
wwelfou elt Jo pubaiowes 22 dace Sostaie sis Sema begoe sd Bivoge 31 


yi 


me 


ie 


cad _ 


~ 4s EVI frrow eoigi ian bidetes i equhs O75 eokbude ows sid nk bees . 


s 
fotriw edie ofa rod BE ortyhi ck svtsio may .C 3p d.INL — stow oe! [tua 


hetnlogetix® Sd oss (ecla7iito msq6) sokimemo2 muse SvBg 
wol evita a> List mpedora, Jas ee ben 20.0 so? ctab a’ Live 
detias sid 03 ‘bonne as tup of sich seorld vo? svtwy abd bob opaed 
ter svig enolintansdaeo radgid 102 steb efi .@f stuglt Yo sakl 
é4 eporoilw .@.q.x UC t6 .etm\. en a oo qu gaigait yrsvones Siesorg 
Gitwdipve to emotagtanesodo ‘toiekn sit 16? erévooet, Aiezorg to eos 
= a 
.tin\.g@ €£,.0 tao 36 ste 
suitsyoses nisdirra syetows sea wotle SS bap IS sstugld 
syvtissqest .€ bose | nidLave lo en@isexdnsono. evoltavy 207 (. ay Bu) 


being od nba gevien seent -colssigeennps olejotg to ancijomv® es 


mekjomd s ile aoliejidy +sq Lbeuvgeosh jo Jovome Te ovawd ¢' Lind Hokw . 


ive | 


nt aa sit .¢ £F seae .@ steptt) noktersesong ntejozq 
$44 soi [f suet at ninkog sill Fai gu ¢ yisdemixonggm af so 


ae eto as rabep —2 ee 
pn 7 


he 


_ 
“, 


» 


70. 


Y (with scum) 


A\(with scum) 


Legend 
0.8 | Ono. Gat. Dail. 
0 (with scum) we) bs) Seale 
IS POLIS TS Is 
2 (0) OP reais 
mo 84.0 r.p.m. 
OF13133Fr- p.m. 
& ey ILS) Fees 
~ e 
= 0.6 with scum) 
S. 
> 
Ww 
3) 
> 
° 
3} 
co) 
roa 
q 
ae 
a) 
VW 
= 0.4 
A230. 
Or. ; 
O BS 
: NNW : 
A 1D 
2 fe) 
0 
0 0.2 0.4 0.6 


Protein Concentration (per cent) 


Figure 21.--Effect of protein concentration on protein recovery of 
ovalbumin 1 in buffered solutions (pH 4.8) at several speeds 
of rotation. Protein recovery corrected for protein in 


adhering solution. 


‘ee Tel 
fende LI 


Legend 
@ 18.8 r 
OF 272 0an 
4.8 Ce aT 
A 00. Ger 
VW O44. Oe 
eS Ter 
Ou Ta er 
Pe 
E 
SS 
so ont 
& 
i 
$y 
wo 
5 
re) 
3) 
v 
[aa 
ror 
a 
ov 
Ww 
2 
aoemeicas 4 
the \ 
a 
————— 
‘al af 
O 
¥ 
(9) OR eer ies PLP = SR EO Po, SE RP EPI NE ee La 
0 Gee 0.4 0.6 0.8 ee 


Protein Concentration (per cent) 


Figure 22.--Effect of protein concentration on protein recovery of 
ovalbumin 3 in buffered solutions (pH 4.8) at several 
speeds of rotation. Protein recovery corrected for 
protein in adhering solution. 
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by Bull. In both studies the lower speeds gave the higher protein 
recoveries. 

Bull's curves show sharp decreases in slope at about 0.2 
per cent protein concentration. The three concentrations used in the 
present study do not give enough data to define this change of slope. 

It is clear that if this abrupt change of slope occurs with the systems 
used in this study, it occurs at a higher concentration than in Bull's 
work. 

Bull does not indicate in his paper whether scum formation 
was observed. The comparison between his work and the present work 
would indicate that his system was operating under conditions which 
gave scum formation although the apparatus was such that the denatured 
protein was wiped from the roller with cotton material and hence no 
visible scum could accumulate on the downstream side of the roller. 

Myers and Harkins (1937) have shown that different materials 
have considerable different effects on the properties of adhering surface 
films. The different materials used in Bull's study and the present 
work may therefore account for the absence of no-scum operation in Bull's 
study. Alternatively the absence of no-scum operation in Bull's study 


may have been due to differences in the proteins used in the two studies. 


8. Applications of the Rotating Roller Device to Other Types of Proteins 
a. Whey 
Fresh whey at pH 4.6, 200 ml. was used to observe the scum 
formation phenomenon at different speeds of rotation. Although a scum- 


like film was not observed as in the case of ovalbumin, there appeared 
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a very small amount of denatured protein on the surface of the solution at 
the speed of 191.9 r.p.m. after a 10-minute period of rotation. A 
similar phenomenon was observed when whey adjusted to the isoelectric 
point of (Pothasas priate (pH 5.2) was studied. 


The effect. of the addition 0.1 per cent ZnCl, to whey at 


2 
pH 5.2 was studied. At the speed of 18.8 r.p.m., a small amount of 
denatured protein appeared on the surface of the solution, but a scum- 
like film was not observed. At higher speeds, a small amount of scum- 
like film was observed. The scum did not stay on the surface of the 
solution, but climbed up on the edge of the tray on the down stroke of 
the roller. The scum did not deposit onto the roller surface on the 
removal of the roller from the solution. Because of difficulties in 
determination of amounts of protein recovered, no quantitative results 


can be presented. These preliminary studies do show, however, that whey 


proteins are not as susceptible to surface denaturation as ovalbumin. 


b. Serum protein 


A similar experiment was also performed with serum protein. 
At high roller speeds, a scum-like film similar to that of ovalbumin was 
observed. This scum dissolved almost immediately into the bulk 
of the solution. At the medium speed of 60 r.p.m., scum was observed 
clearly. Here, only a portion of the observed scum dissolved, and the rest 
of the scum was deposited on the surface of the roller when the roller 
was removed from the solution. This observation showed that the denaturation 
of serum protein was, to a certain extent, a reversible process. This 
indicates that its native form is, under proper conditions, a highly 
stable one. However, it appeared to be possible to recover protein from 


serum using the technique of rotating roller. 
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The applications of the rotating roller technique to recovery 
of protein from whey and serum showed some potential, and suggests that 


a thorough study of these two types of protein should be made in the future. 
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CONCLUSTONS AND RECOMMENDATIONS 


1. Protein from surface film can be recovered using a rota- 
ting roller device, especially ovalbumin which is very susceptible to 


surface denaturation. This confirms the work of Bull C1937 ja 


2. Rate of protein recovery is higher at the isoelectric 
point of ovalbumin (pH 4.8) than at pH 6.75. This is as expected from 


the work of Wu and Ling (1927), and Bull and Neurath (1937). 


3. In the system of impure ovalbumin at very dilute 
solutions, two mechanisms appear to operate in the protein recovery 
process: 

a) At low speeds, the protein layer adheres firmly onto 
the roller surface. It appears that the roller removes all of the 
protein from the surface of the bulk liquid and that the rate of recovery 
of protein is controlled by the rate of diffusion of protein to the 
free liquid surface. 

b) At high speeds, the protein layer does not adhere to 
the roller surface, but it is ejected to form a stable scum-like film 
on the surface of the solution on the down side of the roller. It appears 
that most of the denaturation takes place on a thin film of solution 
which is carried over on the roller. The rate of recovery with scum 
formation is much greater than that with no scum formation. Scum formed 
at all speeds for pure ovalbumin, which shows that the nature of the 


protein has a very significant effect on recovery using the rotating 


roller technique. 
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The presence of solution on the upper half of the roller 
surface in amounts sufficient to account for the observed quantities of 


denatured protein has been demonstrated. 


4. The characteristics of protein recovery are as follows: 

a) The scum-formation point ,(i.e. the lowest speed at 
which scum is formed) depends on the type and concentration of protein, 
the presence or absence of zinc ions, and to a lesser extent, on the 
history of the solution, and the mechanical characteristics of the 
device. Additional (unidentified) fractions in the ovalbumin, high 
concentration of protein, and the absence of zinc ions all tend to give 
higher scum-formation point 

b) In the recovery of protein with no scum formation, the 
rate of recovery is substantially independent of speed, and is approximately 
proportional to the concentration of ovalbumin. The rates of recovery 
are much lower than those reported by Bull (1937). This process of 
recovery of protein without scum formation on the down stream side of the 
roller was observed for the first time in the present study. 

c) In the recovery of protein with scum formation; the 
rate of recovery depends mainly on speed and concentration. At lower 
concentrations the amount of ovalbumin recovered (in aptly nie is, more 
or less, independent of speed and is approximately equivalent to a 
single monolayer of protein. At higher concentrations and low speeds, 
the amount of protein recovered is equivalent to several monolayers but 
the amount recovered decreases to approximately one monolayer as the 


speed is increased. 
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These general trends observed are quite comparable to 
those reported by Bull (1937), and it therefore appears that the 
experiments in Bull's study were done under conditions that give rise 
to scum formation, even though his equipment prevented the accummulation 
of the visible scum-like film on surface of the liquid on the down 
stream side of the roller. 

The depth of the immersion of the roller into the solution 
does not have a significant effect on the rate of recovery in a solution 
of 0.06 per cent ovalbumin. 

The effect of ionic strength of the buffer solution does 
not have a major effect on the rate of recovery. 

d) The effects of period of rotation and position of tray 
indicate that some obscure factors are involved in either the runs 
or the determination of the protein recovered as the position of tray 
(or order of analysis) and length of rotation have a very significant 


though not a major effect on the protein recovery in some of the runs. 


5. A preliminary investigation of recovery of protein from 
whey (from cow's milk) shows that untreated whey protein is not as 
susceptible to surface denaturation as ovalbumin. Recovery of protein 
from beef blood serum appears to be more promising, although the surface 
denaturation of the protein seems to be a reversible process under the 


conditions of the preliminary experiments. 
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On the basis of the results obtained in this investigation 
the following recommendations for future work can be made. 

1. Additional data should be obtained using the roller 
technique. The effects of higher speeds, addition of zinc ions, and 
other divalent and trivalent cations at various concentrations, ionic 
strength and type of buffer system should be evaluated. The method of 
determination of the amount of recovered protein should be checked by 


measurements of the change in concentration of the bulk of the solution. 


2. Improved techniques should be developed for determination 
of liquid film carried over the roller surface both with scum and without 


scum formation. 


3. The effects of various physical properties such as surface 
viscosity, surface tension, characteristics of adsorption of the film 


on to the roller, and temperature should be studied. 


4, Different geometries, such as different sizes of roller 
and container, and series of discs, etc., should be studied. This would 


help in optimum system design. 


5. When the characteristics of the operation have been 
evaluated, the recovery of other types of protein such as whey and 
serum protein should be investigated. This should include a study of 
pre-treatments of the raw protein solutions, or addition of other 


surface-active materials, which may improve the recovery of the proteins. 
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The absolute amounts of protein recovered per unit area 
are very erate In-spite of this, .it is: the opinion of the present 
workers that this process can be applied in some forms to the recovery 
of protein from dilute solutions on an industrial scale. Future studies 
should be directed toward a better understanding of the scum formation 
mechanism and the factors which cause scum formation, rather than the 
mechanism of recovery of protein without scum formation, as the rates 
of recovery of protein with scum formation are much greater than 


those without scum formation. 
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APPENDIX 


synchronous connection 
geared motor tozro: ler 
(O0mrsp.m.) shaft 
position 
adjustable 
| A 
B 
A 
De taleonly. set 1 plus final gear set. 


Set 1 plus set 2. Set 1 plus set 2 plus final gear set. 


Figure 23 -- Arrangement of gear trains for multi-tray rotating roller 
device. For gears of 64 pitch the distances between shaft 
Centremlines are, A= 0% /502in. and B = 0.719 in. 
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